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Sample preparationExtraction using headspace solid phase microextraction (HS-SPME) coupled to comprehensive
two-dimensional gas chromatography with ﬂame ionisation detection (GC  GC–FID) was employed to
evaluate the effect of SPME fractionation conditions (heating time and temperature) on the generation
of artifacts. The occurrence of artifacts was more pronounced at higher fractionation temperatures and
times which caused signiﬁcant changes in the chromatographic proﬁles. The identiﬁcation of the volatile
fraction of the honey blend was performed through a two-dimensional gas chromatograph coupled to a
mass spectrometer with time of ﬂight analyser (GC  GC–ToFMS) by comparing the ﬁrst dimension linear
temperature programmed retention index (1D-LTPRI) with the peak’s identities provided by the mass
spectral similarity search. Several artifacts were found and identiﬁed – such as hydroxymethylfurfural,
methyl–furone and furfural – and some of them were not previously detected as such in honey samples.
These compounds were either the result of hydrolysis or thermal decomposition of components already
present in the honey samples. This occurrence was attributed to the increased detectability provided by
GC  GC compared to conventional GC. The possible emergence of previously unknown extraction arti-
facts as a general tendency related use of GC  GC instead of conventional GC is discussed as a result
of these observations.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Since its early days, conventional gas chromatography (1D-GC)
has been recognised as a tool offering higher peak capacities than
other chromatographic techniques. Over the years, dramatic pro-
gress has been made and, today, state-of-the-art 1D-GC on capil-
lary columns can, typically, separate some 100–150 peaks in one
run (Adahchour, Beens, Vreuls, & Brinkman, 2006). However its
resolution power is insufﬁcient to fully resolve each individual
constituent in real complex samples, ranging from oils, petrochem-
icals, environmental samples, cigarette smoke, and food matrices,
without sacriﬁcing analysis time. It has been reported by Berger
that, in an 11 h experiment, the use of a 400 m column presented
a resolution of 1.3 million theoretical plates, which was far from
sufﬁcient for the total separation of a fuel sample (Mondello,
Tranchida, Dugo, & Dugo, 2008).Introduced by Philips and coworkers (Liu & Phillips, 1991), com-
prehensive two-dimensional gas chromatography (GC  GC) has
greatly enhanced peak capacity, without signiﬁcantly extending
analysis time, over conventional 1D-GC (Edwards, Mostafa, &
Gorécki, 2011). In recent years, food analysis has been revolution-
ised due to intense application of GC  GC to highly complex
matrices such as coffee, wine, beer, fruit aromas and honey, either
for ﬁngerprinting, classiﬁcation or tracing geographical origins
(Adahchour et al., 2006; Mondello et al., 2004; Ristisevic, Carasek,
& Pawliszyn, 2008; Schmarr & Bernhardt, 2010; Stanimirova et al.,
2010). The most common outcome until recently has been to ﬁnd
speciﬁc chemical markers in each of the studied samples both for
classiﬁcation and quantiﬁcation of mixtures. Before the assessment
of GC  GC, 1D-GC was limited to either markers that were well
resolved and identiﬁable or the application of chemometrics for
these purposes. With the recent outcomes of this technique,
GC  GC data has been extensively explored because it can give
rationalised spatial domains for chemically correlated groups of
substances, and speciﬁc separation patterns useful for component
identiﬁcation, describing and deﬁning a speciﬁc two-dimensional
ﬁngerprinting for each sample that provides much more informa-
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nation. Also detectability and separation power has been en-
hanced, therefore compounds never reported in the literature
before, have been discovered and possibly classiﬁcation protocols
must be updated. Due to multivariate data assessment tools classi-
ﬁcation procedures have become even more accurate and less sub-
jective (Hantao et al., 2012; Pierce, Kehimkar, Marney, Hoggard, &
Synovec, 2012). Even more developments have been reported in
quantitative analysis. The adulteration of complex mixtures, like
gasoline, for instance, has been detected and quantiﬁed (Pedroso,
de Godoy, Ferreira, Poppi, & Augusto, 2008). Also it has been re-
ported by Ribeiro, Augusto, Salva, Thomaziello, and Ferreira
(2009) that the chromatographic proﬁle of volatile and semi-vola-
tile fractions of Brazilian Arabica roasted coffee could be used to
predict sensory properties, an important attribute of coffee quality.
These latter features reveal several novel opportunities in applica-
tion of food chemistry, especially in matters of detecting and quan-
tifying adulteration, certiﬁcation protocols (quality labels,
protected designation of origin, protected geographical indication
and traditional specialty guarantees) and sensory properties,
increasing signiﬁcantly the market values of the products.
Schmarr and Stanimirova reported classiﬁcation procedures of
fruit aroma and honey through static headspace extraction (HS)
(Schmarr & Bernhardt, 2010; Stanimirova et al., 2010). However,
as attractive as this sounds, solid phase microextraction (SPME)
presents several advantages, such as concentration prior to analy-
sis, selectivity, and it is a solvent-free technique. During headspace
equilibrium, usually obtained in aqueous solution with heating,
species not present in the original sample are formed, so called
artifacts. An important class of artifacts is known to be products
of the well established Maillard reaction, resulting from the reac-
tion between an amino acid and a reducing sugar, usually requiring
heating. In 1988 Visser, Allen, and Shaw (1988) reported the pres-
ence of 5-(hydroxymethyl)furan-2-carbaldehyde (also denomi-
nated hydroxymethylfurfural) during honey processing at
elevated temperatures, and since then this marker has been corre-
lated to improper thermal exposure. In 2001 Tosi, Chiappini, and
Ré (2002) reported the effect of honey thermal treatment on
hydroxymethylfurfural (HMF) content suggesting that the produc-
tion of HMF was strongly inﬂuenced by the temperature, following
a pseudo ﬁrst order kinetic model. These implications suggest that
improper handling of the sample during HS extraction can lead to
erroneous results, either for ﬁngerprinting or classiﬁcation goals.
Many authors have done studies of the volatile fractions by con-
ventional 1D-GC via headspace, from samples ranging from Arabic
coffee, tropical fruits, cocoa, beer, cocoa, liquors and Canadian and
Czech ice wine, though none reported artifacts during the extrac-
tion procedures, other than the HMF (Augusto, da Silva, & Poppi,
2008; Augusto, Valente, Tada, & Rivellino, 2000; Cˇajka, Hajšlova,
Cochran, Holadová, & Klimanková, 2007; Ceballos-Magaña et al.,
2013; de Oliveira, Pereira, Junior, & Augusto, 2004; Pontes, Pereira,
& Câmara, 2012; Ribeiro et al., 2009; Setkova, Risticevic, & Paw-
liszyn, 2007). The identiﬁcation of artifacts, which act as ‘‘chemical
noise’’, in conventional 1D-GC was hampered due to the high com-
plexity of the sample aroma, co-elutions and lower detectivity,
when compared to GC  GC. These artifacts, if not previously as-
signed, will give misleading results, especially if unique chemical
markers are to be found and used for quantiﬁcation and classiﬁca-
tion purposes. For the fruit aromas and honey samples, for in-
stance, if there were artifacts in the chromatograms and they
were not assigned as such, the entire procedure and results coming
from the ﬁngerprint, classiﬁcation and quantiﬁcation would be
jeopardised. Therefore one price when using a technique with
higher detectivity and peak capacity is the detection of artifacts.
This chemical noise must either be excluded from the analysis
parameters, which is coherent since it presents no relevantchemical information about the sample, or a further meticulous
sample preparation procedure must be developed. Careful consid-
eration must be made when weighing the pros and cons of these
analytical techniques.
Lastly, the certiﬁcation of Brazilian honey could signiﬁcantly in-
crease its market value. While in the case of botanical origin the
most expensive are uniﬂoral honeys, in the geographical case the
higher price arises when honey is produced in a speciﬁc geographic
location. The product is currently exported by Brazilian producers
in bulk quantities as a low-price commodity, and several projects
to develop reliable protocols to provide certiﬁcation of the ﬂoral
and geographic sources of honey are underway. In this study, as
a part of the development of HS-SPME–GC  GC–FID and HS-
SPME–GC–MS protocols to certify Brazilian honey, we describe
an assessment of potential artifacts formed during sample
preparation.2. Material and methods
2.1. Samples and materials
A blend, obtained from 20 honey samples of different botanical
and geographic origin were supplied by EMBRAPA (Brazilian Fed-
eral Agricultural Research Company), was used through this work.
The individual samples were sealed in Teﬂon capped ﬂasks and
kept at 23 C. The blend was prepared by mixing them in a propor-
tion of 5% (w/w) each. A standard solution of n-alkanes (C8–C20)
supplied by Fluka (Switzerland) was used to spike samples for
determination of ﬁrst dimension linear temperature programmed
retention index (1D-LTPRI) of the analytes. Polydimethylsiloxane/
divinylbenzene (PDMS/DVB) SPME ﬁbres and other extraction
components were supplied by Supelco (Bellefonte, PA, USA). The ﬁ-
bres were conditioned prior to use according to the instruction
from the supplier.
2.2. GC  GC–FID
The GC  GC–FID prototype employed uses a HP-6890 Series
GC–FID system (Hewlett–Packard, Wilmington, DE) ﬁtted with a
split-splitless injector (operated in splitless mode). Hydrogen
(0.6 mL min1) was used as carrier gas. This prototype uses a lab-
made four jet cryogenic modulator and it has been reported else-
where (Pedroso, Ferreira, Hantao, Bogusz, & Augusto, 2011). The
column set used consisted of a HP-5 capillary column (30 m,
0.25 mm i.d., 0.25 lm ﬁlm thickness) (Agilent, Wilmington, DE)
connected by a press ﬁt connector to a SupelcoWax 10 M column
(1 m, 0.10 mm i.d., 0.10 lm ﬁlm thickness) (Supelco, Bellefonte,
PA, USA). For all runs, the modulation period was set to 6.0 s at a
data acquisition frequency of 100 Hz. The oven temperature pro-
gram was: from 60 C at 3 C min1 to 250 C; the injection and
detection temperatures were 260 C. The chromatograms were ac-
quired through Chemstation software (Agilent), exported as ASCII
vector ﬁles and proccessed by a lab-made GC  GC integration
software to detect and integrate the peaks. The GC  GC chromato-
grams were plotted as colour contour graphs using routines from
the MatLab 6.5 platform (Mathworks, Natick, MA, USA).
2.3. GC  GC–ToFMS
GC  GC–ToFMS data was acquired on a LECO Pegasus 4D sys-
tem, which consisted of an Agilent 6890 N GC, a Multipurpose
Sampler MPS 2 (Gerstel GmbH, Mulheim an der Ruhr, Germany),
a high-speed ToFMS detector (LECO, St. Joseph, MI, USA) and a four
jet cryogenic modulator (Zoex, Houston, TX). Air was used for heat-
ing and desorption of analytes from modulator, whose temperature
Table 1
Major constituents of the Brazilian honey blend identiﬁed by GC  GC–ToFMS.
# Compound RI Lit. GC  GC–ToFMS
RI Match
1 Hexane 600 – 819
2 Ethyl acetate 606 – 838
3 2-methyl-1-butanol 724 – 908
4 Furfural 828 839 960
5 Isoamylacetate 872 875 906
6 Benzaldehyde 952 971 971
7 5-methyl-furfural 957 971 941
8 Benzeneacetaldehyde 1036 1052 954
9 cis-Linalool oxide 1067 1080 817
10 trans-Linalool oxide 1084 1093 886
11 Hotrienol 1110 1100 888
12 Phenylethyl alcohol 1106 1119 962
13 Isophorone 1118 1124 949
14 Lilac aldehyde B 1141 1140 895
15 Oxoisophorone 1152 1148 948
16 Lilac aldehyde C – 1150 842
17 Lilac aldehyde D – 1167 902
18 Diethylsuccinate 1176 1176 906
19 Decanal 1201 1207 906
20 5-hydroxymethylfurfural 1224 1231 653
21 Ethyl benzeneacetate 1246 1247 946
22 p-Anisaldehyde 1250 1269 953
23 Ethyl p-anisate 1457 1459 908
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6.0 s. The column set consisted of a primary column SLB-5MS
(30 m, 0.25 mm i.d., 0.25 lm ﬁlm thickness) (Supelco, Bellefonte,
PA) connected in series to a secondary column, SupelcoWax 10 M
(1.30 m, 0.10 mm i.d., 0.1 lm ﬁlm thickness). The primary oven
programming was 0.20 min at 60 C then ramped to 250 C at
3 C min1; the secondary oven programming was 0.20 min hold
at 65 C then ramped to 255 C at 3 C min1. The transfer line tem-
perature was 260 C. The GC injector port was kept at 260 C with a
desorption time of 5 min. The ToFMS acquisition rate was 200 Hz,
the mass range used for identiﬁcation was from 30–500 m/z units.
Detector voltage was set at 1600 V and ion source temperature of
220 C. Data from the GC  GC–ToFMS system was collected by
ChromaTOF software v.4.22 (LECO); for peak detection and spectral
identiﬁcation against NIST mass spectra library, signal-to-noise
threshold was set as 50 and the minimum similarity accepted
was 750.
2.4. HS-SPME
In preliminary studies, extraction conditions were optimised
using three commercial SPME ﬁbres – namely PDMS, PDMS/DVB
and DVB/carboxen/PDMS. From these results, it was observed that
higher extraction yields were obtained with the PDMS/DVB coated
ﬁbre.
Before extractions, the honey blend was heated for 30 s at
40 C and manually stirred to ensure its uniformity. This proce-
dure is essential to achieve repeatability of the analyses. For the
extractions, (1.00 ± 0.05) g of honey blend was weighted directly
into a 5 mL extraction vial containing a magnetic stirring bar over
1 mL of a saturated aqueous solution of sodium chloride. The vial
was closed and magnetically stirred, at 1200 rpm, for 5 min at
45 C to dissolve the sample and allow its equilibration with the
headspace. Immediately afterwards, a PDMS/DVB ﬁbre was ex-
posed for 30 min. The ﬁbre was kept in the injection port for
5 min at 260 C.
For the identiﬁcation of the eluates, samples fortiﬁed with a
40 ppm solution of n-alkanes were extracted for determination of
1D-LTPRI. Extractions were performed in triplicate.
2.5. Effects of sample conditioning on the generation of artifacts
To study the possible generation of artifacts by hydrolysis and/
or thermolysis during the extraction process, experiments varying
the sample/headspace pre-equilibration time and temperature
were carried out. Extraction vials containing the same amounts
of honey blend and NaCl(aq) mentioned above were kept from
periods ranging from zero to 4.0 h at temperatures of 45 and
60 C. To differentiate between true extraction artifacts and com-
pounds formed by thermal treatment of honey by producers, an
aliquot of honey blend kept at 45 C for 48 h in a sealed vial with-
out headspace was also analysed. Prior to the extraction, all sam-
ples were cooled. The extractions were performed in duplicates.3. Results and discussion
The chromatographic method used in the commercial GC  GC–
ToFMS were matched to as similar as possible to the conditions of
the lab-made GC  GC–FID.
The GC  GC–FID and the commercial GC  GC–ToFMS equip-
ment were used, respectively, for the evaluation and detection of
the extraction artifacts and for the identiﬁcation of the major con-
stituents. In the commercial GC  GC–ToFMS equipment, 5700
peaks, with a signal-to-noise threshold of 50, were detected. Cer-
tainly these peaks detected in the GC  GC–ToFMS chromatogramare due to the higher sensitivity of ToFMS and will, thus, be used
for future certiﬁcation protocols of the brazillian honey. For the
identiﬁcation, the combination between similarity of the mass
spectra and 1D-LTPRI is crucial for assigning peak identities in
the GC  GC–ToFMS chromatograms without erroneous interpre-
tations (Adams, 1995). Also, the chromatographic structuration,
when present, was used to further assist in the identiﬁcation pro-
cedures. However, before considering the use of this high amount
of chemical information provided by the GC  GC–ToFMS the
assessment of possible extraction artifacts must be evaluated.
Otherwise extraction artifacts may be miss-assigned as important
chemical markers, thus providing misleading information and pro-
tocols. The tentative identiﬁcation of the majoritary constituents of
brazilian honey is ilustrated in Table 1.
Most of the extraction artifacts are undetectable by conven-
tional GC, either due to co-elution or low concentration. They do
appear on the GC  GC chromatograms. If not previously assigned
as such, peaks could be confused with ﬂoral/geographic origin
markers. To discriminate real extraction artifacts from compounds
formed on thermal treatment of honey, an illegal but habitual
operation performed by producers, a comparative study has been
made.
In order to discriminate these two sources two group of analysis
were performed, according to 2.6. The ﬁrst set consisted of raw
honey suspended in aqueous NaCl in the 5 mL extraction vials
and kept at 45 C for 1 h prior to extraction, illustrated in Fig. 1A.
The second set consisted of the raw honey kept in sealed ﬂasks,
without headspace, stored in an oven at 45 C for 48 h, illustrated
in Fig. 1B.
The presence of HMF (indicated by the arrow) is clear on all
chromatograms in Fig. 1; this is a well known artifact in honey,
formed by heating of the sample. However, in Fig. 1B – honey
heated without the presence of water – only a small amount of this
chemical marker can be detected; on the contrary, its peak is much
larger on the chromatogram corresponding to the diluted sample
submitted to thermal treatment. This suggests that most of the
artifacts detected in this study originated during the extraction
steps. Also the presence of water during thermal treatment in-
creased signiﬁcantly the amount of HMF content. Therefore the
formation of HMF must be heavily inﬂuenced by the presence of
Fig. 1. Sections of HS-SPME–GC  GC–FID chromatograms of honey submitted to different pre-extraction treatments: (A) raw honey kept at 45 C for 48 h before preparation
of solution and extraction and (B) aqueous honey solution stirred at 45 C for 60 min before extraction. The artifact 5-hydroxymethylfurfural (HMF) is indicated by the arrow.
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and heating period to which it is subjected. Also other heterocyclic
oxygenated compounds such as 2-methyl-furane and furfural,
known to be the result from improper thermal treatment, were de-
tected. Many other peaks in the chromatograms show the same
behaviour, although many early-eluting peaks with medium polar-
ity and heavy low-polarity compounds seem to degraded, since
their peaks vanish. These facts support the proposal that formation
of artifacts or loss of relevant compounds is accelerated in aqueous
medium, either by hydrolysis, oxidation or thermolysis. Apart from
supplying valuable information for further developments on this
particular analytical problem, these results also lead to a more gen-
eral remark.
The inﬂuence of the temperature of exposure during thermal
treatment was evaluated in preliminary studies. In order to per-
form this task a previous study to determine the variation of chro-
matographic proﬁle by means of thermal treatment at 30, 45 and
60 C was made. Prior to extraction the sample was subjected to
these temperatures for a period of 1 h. No variation in the extrac-
tion procedure occurred during the analysis. Therefore the only
parameter affecting the changes in the chromatographic proﬁles
was temperature. It was noticed that the amount of HMF, 2-
methyl-furane and furfural increases with temperature exposure,
in aqueous medium, as expected. But the most signiﬁcant chances
in chromatographic proﬁle were seen at 45 and 60 C.
In order to evaluate the inﬂuence of temperature and time, dur-
ing HS equilibration, three times were monitored, 0, 90 and
240 min, according to 2.6, at two different temperatures, 45 and
60 C. Fig. 2 shows the GC  GC chromatograms. Upon meticulous
investigation it was noticed that at 45 C there were minor but sig-
niﬁcant differences between the chromatograms at 0, 90 and
240 min, represented in Fig. 2A–C, respectively, such as the loss
of heavy low-polarity compounds during thermal treatment. How-ever this did not infer the absence of extraction artifacts, because
the previous study allowed chromatographic mapping of such spe-
cies. Therefore, analysing the same regions in the GC  GC chro-
matograms these patterns were located, consequently the
extraction artifacts were present in the chromatographic runs at
45 C, but their intensities did not vary with increasing exposure
periods. At 60 C the same patterns were identiﬁed and therefore
the presence of artifacts conﬁrmed. Also as the exposure time of
the pre-treatment increased the intensities of the compounds
marked as artifacts increased signiﬁcantly, showing that the expo-
sure period is a signiﬁcant parameter at 60 C. Also in chromato-
grams acquired from 0 to 90 min, represented by Fig. 2D and E,
formation of a compound with very high polarity, because of its
wrap-around pattern and was observed decrease of peaks corre-
sponding to some volatile and heavy non-polar compounds.
Although when comparing the latter set of chromatograms after
the exposure time of 240 min, illustrated in Fig. 2F, the amount
of volatile high-polarity species had increased excessively, altering
at least 20% of the original chromatographic proﬁle observed at
0 min. As a result, the chromatogram in Fig. 2F shows no chemical
information whatsoever, due to the intense presence of species
that are not relevant to the certiﬁcation of the honey sample. Be-
cause these artifacts are distributed along the interval of the 5–
30 min portion of the GC  GC chromatogram that would have
contained most of the information of the sample, it is now being
hidden through co-elution. These artifacts detected under these
operational conditions have intensities ranging from 15 to
150 pA in the GC  GC–FID chromatograms and, since an ampliﬁ-
cation of 21 times of signal intensity was observed, the expected
artifacts would have been in the range of 0.7–7 pA in the conven-
tional 1D-GC. Consequently they would not have been detected,
nor would they mask any chromatographic proﬁle since co-elution
would be expected. Therefore with the great increase of detectivity
Fig. 2. GC  GC–FID chromatograms illustrating the effect of thermal treatment in the production of the extraction artifacts in honey blends: (A) 45 C for 0 min; (B) 45 C for
90 min; (C) 45 C for 240 min; (D) 60 C for 0 min; (E) 60 C for 90 min and (F) 60 C for 240 min.
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non-relevant information is much greater than conventional
1D-GC.4. Conclusions
Some general remarks related to the combination of a highly
sensitive technique such as GC  GC with well known extraction
and concentration techniques of HS-SPME can be made consider-
ing the results here presented. The increase in detectability and
separation power provided by GC  GC usually is considered an ad-
vance over 1D-GC with major advantages of this technique over
the conventional. However, along with this increase in the capabil-
ity to extract relevant information from the samples, the use of
GC  GC can unveil some unfavorable aspects from the analytical
method. In the present work, chemical species not previously de-
tected in honey headspace, assigned as possible extraction arti-
facts, were found. These compounds were either the result of
hydrolysis or thermal decomposition of components already pres-
ent in the honey samples. Of course, operational conditions on
some of the HS-SPME experiments were purposely set to be as
harsh as possible, exactly to predict which compounds should be
treated as artifacts and not related to honey age and/or origin –
oxygenated heterocyclic compounds such as HMF, 5-methyl-furfu-
ral and furfural. In practice, actual optimum experimental condi-
tions for HS-SPME analysis of honey samples will be carried out
using much milder conditions, and if some of these compounds
show up, they will be present in considerably smaller concentra-
tions. Moreover, the same chemical processes leading to the
appearance of these artifacts – thermolysis and hydrolysis of native
compounds on honey – could happen whenever the samples aresubject to prolonged heating in the presence of water, as in other
sample preparation methods relevant to these samples employing
either static or dynamic headspace techniques. Compared to HS-
SPME, to reach optimum extraction efﬁciencies these techniques
usually demand higher temperatures and manipulation times,
combined with dilution of the samples. The generation of higher
concentrations of the artifacts detected herein would be much
more likely, and the analysis of the resulting GC  GC chromato-
grams would be more prone to interpretation errors. These consid-
erations point out that the performance of the extraction and
concentration techniques should match the increase in detectivity
and peak capacity provided by modern separation and detection
instruments such as GC  GC. Considering this aspect, some of
the key features of SPME – especially the reduced sample manipu-
lation associated with its use and the generally less aggressive
extraction conditions – makes it an almost ideal companion for
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